central nervous system. Conclusions: LC monotherapy was effective and well tolerated for up to 6 years with no evidence of safety concerns or increased frequency of AEs.
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cantly more effective than placebo in reducing serum phosphate levels, with a safety profile similar to that of placebo and a rapid onset of action within 1-2 weeks [4] [5] [6] . In a 6-month, treat-to-target, comparative study of lanthanum carbonate versus calcium carbonate, the efficacy and safety profile of the two agents were similar [7] . Lanthanum carbonate, however, was associated with a substantially lower incidence of hypercalcemia [7] . The efficacy and tolerability of lanthanum carbonate monotherapy in comparison with alternative phosphate-binder therapy (which included calcium salts, sevelamer hydrochloride or aluminum, taken as monotherapy or combination therapy) has now been demonstrated in studies of up to 2 years' duration [8] . In addition, data from an open-label study have shown that the efficacy and safety profiles of lanthanum carbonate are maintained for up to 3 years of treatment; two-thirds of patients required a dose of either 2,250 or 3,000 mg/day [9] , which is equivalent to three tablets per day (one during each meal).
Here, we present further data on the efficacy, tolerability and safety of lanthanum carbonate obtained during follow-up of patients who received long-term monotherapy for up to 6 years. This is the longest treatment followup of phosphate-binder therapy published to date.
Patients and Methods

Design
Patients from four previous studies received lanthanum carbonate in a final 2-year open-label extension ( fig. 1 ). Study 1 was a European, randomized, open-label, 6-month, comparative study in which patients received lanthanum carbonate (n = 533, up to 3,000 mg/day) or calcium carbonate (n = 267, up to 9,000 mg/day) [7] . This was followed by a 6-month noncomparative phase (n = 518) during which lanthanum carbonate-treated patients continued to take their established maintenance dose, and calcium carbonate-treated patients switched to lanthanum carbonate (375-3,000 mg/day). Patients could then enter a further 2-year extension (n = 161), the results from which (after 3 years of lanthanum carbonate treatment) have been published [9] . This study was subsequently extended for a total treatment duration of up to 4 years. Study 2 was a European, randomized, open-label, 1-year, comparative study of lanthanum carbonate (n = 49, up to 3,750 mg/day) versus calcium carbonate (n = 49, up to 9,000 mg/ day) [10] . Study 3 was a US, 2-year, randomized, open-label comparative study of lanthanum carbonate (n = 682, up to 3,000 mg/ day) versus alternative phosphate-binder therapy (n = 677) [8] and study 4 was a 1-year, open-label extension to two previous US randomized, double-blind, placebo-controlled studies (n = 77, up to 3,000 mg/day) [11] .
Patients who were enrolled in this final extension continued open-label treatment with lanthanum carbonate for up to an additional 2 years. The extension could be entered by patients immediately on completion of their previous study or after a gap in treatment. Those patients who had a gap started treatment on the last dose of lanthanum carbonate that they received in their previous study, followed by titration visits as necessary. Patients from study 1 who participated in all the extension phases could have received up to 6 years' lanthanum carbonate treatment.
Although serum phosphate targets were stipulated in the protocols of three of the original studies ( ^ 1.80 mmol/l [5.58 mg/dl] in study 1 and ^ 1.90 mmol/l [5.89 mg/dl] in studies 3 and 4), no target serum phosphate level was specified for this final extension study.
Patients
Male and female patients aged 18 years or older who participated in any of the four previous studies and who continued to require treatment for hyperphosphatemia were eligible for this open-label extension. Patients who withdrew from any of the previous studies before randomization, or who withdrew because of an adverse event (AE) considered by the investigators to have a possible relationship with lanthanum carbonate, were not eligible. Pregnant and lactating women were excluded, as were women with childbearing potential who did not consent to use an effective method of contraception. The study was approved by the Independent Ethics Committee and Institutional Review Boards, and conducted according to International Conference on Harmonization (ICH) Guidelines for Good Clinical Practice. Written informed consent was obtained from all patients.
Endpoints
Patients were followed up every 3 months during the 2-year extension. Efficacy and safety data are reported in conjunction with that from the previous studies giving a total treatment duration of up to 6 years. Treatment exposure years were defined as: year 1 = 1 0 to ! 1 year of treatment; year 2 = 1 to ! 2 years; year 3 = 2 to ! 3 years; year 4 = 3 to ! 4 years; year 5 = 4 to ! 5 years; year 6 = 6 5 years. Efficacy endpoints included pre-dialysis serum phosphate and calcium ! phosphate product levels. The tolerability and safety of lanthanum carbonate was assessed by recording AEs and by monitoring laboratory values.
Results
Patient Disposition and Dosing
In total, 93 patients entered the 2-year, open-label extension: 52 from the USA and 41 from Europe ( table 1 ). These patients had been previously enrolled in studies of lanthanum carbonate, therefore they entered this final extension with variable total exposure times up to a maximum of 4 years. As the four initial studies ended at different times, there was a variable gap in treatment prior to the start of the final extension study. Of the 93 patients enrolled in the study, 65 had a treatment gap of less than 6 months between the last lanthanum carbonate dose in their initial trial and entry into the 2-year extension. c17 At the end of the additional 2-year extension, 86 patients had received at least 2 years' treatment with lanthanum carbonate. A total of 56 had a treatment duration of at least 3 years, 36 had a duration of at least 4 years and 22 of at least 5 years. Over the complete duration of treatment, the average daily dose of lanthanum carbonate was at the two highest doses of 2,250 or 3,000 mg in 65.6% of patients ( table 2 ). At some point during up to 6 years of lanthanum carbonate treatment, 77 patients received vitamin D compounds; 46 patients had their dose adjusted.
The most common reason for patients not completing the full extension phase was kidney transplant ( table 3 ) . There were five deaths during the study and 10 immediately following discontinuation due to AEs. None of these deaths were considered to be related to the study drug and were consistent with the expected mortality in this patient population [12] .
Efficacy
During lanthanum carbonate treatment, even though no target was specified, reduction of serum phosphate ( fig. 2 ) and calcium ! phosphate product ( fig. 3 ) levels was successfully maintained for up to 6 years. Serum phosphate (mean 8 SD) levels were 2.52 8 0.68 mmol/ l (7.80 8 2.10 mg/dl) at baseline, reducing to 1.77 8 0. Treatment exposure years were defined as: year 1 = >0 to <1 year of treatment; year 2 = 1 to <2 years; year 3 = 2 to <3 years; year 4 = 3 to <4 years; year 5 = 4 to <5 years; year 6 = ≥5 years.
Figures in parentheses are percentages 
Safety Profile and Tolerability
There were no new or unexpected AEs, or any increase in the incidence of AEs with increasing exposure to lanthanum carbonate over long-term treatment (up to 6 years). The most common AEs occurring at any point during the treatment period were episodes of myalgia in 48 patients (51.6%), nausea in 46 patients (49.5%), hypotension in 39 patients (41.9%) and 'influenza-like symptoms' in 38 patients (40.9%). There was a low incidence of hypercalcemia in 5 patients (5.4%) and hypocalcemia (mostly transient) in 10 patients (10.8%). Mean ( 8 SD) serum phosphate levels throughout treatment with lanthanum carbonate (n = number of patients in the study at specified month). Mean ( 8 SD) serum calcium ! phosphate product levels throughout treatment with lanthanum carbonate (n = number of patients in the study at specified month). * 'Other reasons' included: study ended after 1 year as per the original protocol (n = 4), problems with dialysis centre access (n = 3), non-compliance (n = 3), pregnancy (n = 1), pre-existing medical condition (n = 1), entered study prior to informed consent approval (n = 1) and lack of efficacy (n = 1).
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During the total treatment period, AEs that were considered by the investigators to be related to lanthanum carbonate treatment occurred in 24 patients (25.8%), with the most common being gastrointestinal in nature (mainly nausea, diarrhea and flatulence). Because there are known cultural, demographic and regional medical differences between the USA and Europe, AEs were also assessed separately in these cohorts. Treatment-related AEs of the gastrointestinal tract occurred in 8 patients in the US cohort (15.4%) and in 11 patients (26.8%) in the European cohort. No gastrointestinal events were reported in US patients after 3 years of lanthanum carbonate exposure, or in European patients after 4 years of exposure ( fig. 4 ) . Overall, there was no evidence of any increase in the incidence of treatment-related AEs with increasing exposure.
There was one serious treatment-related AE, but it did not cause the patient to withdraw from the study. This was a case of worsening gastritis in a 51-year-old man from Germany who had a previous history of gastritis, abdominal-wall abscess and peritonitis. He had received lanthanum carbonate for almost 5 years and at the time of the event was receiving a dose of 3,000 mg/day.
There were 12 AEs that led to discontinuation and 10 of them resulted in death. AEs leading to death included myocardial infarction, heart failure, sepsis, cerebral hemorrhage, anoxic brain damage and voluntary discontinuation of dialysis. The other two events leading to withdrawal were dyspepsia and elevated liver function tests (believed to be secondary to liver hemangiomas). None of the AEs leading to withdrawal were considered to be related to treatment.
The median plasma lanthanum level at baseline (i.e. before lanthanum carbonate treatment in initial studies) was 0.0 ng/ml (range: 0.0-0.2 ng/ml). This rose to 0.3 ng/ ml (range: 0.0-4.2 ng/ml) after 6 months of lanthanum carbonate treatment and was in the range of 0-13.9 ng/ml over the total treatment duration. The relatively high number of 13.9 ng/ml was due to an outlying value in a patient who had this level recorded at a single study visit (after 18 months of lanthanum carbonate treatment). Apart from an additional value of 4.0 ng/ml recorded after 12 months of treatment, all other samples collected from this patient (over 48 months of treatment) showed plasma lanthanum levels of 0.6-1.0 ng/ml. Over the total treatment duration (574 measurements from 93 patients), plasma lanthanum levels greater than 2.0 ng/ml were recorded on only 15 occasions, and levels greater than 4.0 ng/ml on only 4 occasions (highest value other than the outlier was 4.3 ng/ml).
No clinically relevant changes in liver enzymes (aspartate aminotransferase and alanine aminotransferase) and bilirubin levels were observed at any time during treatment with lanthanum carbonate ( table 4 ). There was a low incidence of liver and biliary system AEs reported during the observation period ( table 5 ) and no event was considered likely to be related to treatment.
No adverse effects on levels of hematological laboratory parameters, including serum hemoglobin, hematocrit and mean cell volume, were noted after up to 6 years of treatment.
Serum levels of calcium, parathyroid hormone (PTH), bone-specific alkaline phosphatase and osteocalcin generally remained stable over the treatment period ( table 6 ). There was a low incidence of fractures and bone-related musculoskeletal AEs. Over the total treatment duration, fractures were reported in only 4 patients (4.3%).
Only two central and peripheral nervous system AEs were considered likely to be related to treatment. These were episodes of headache (one in each of 2 patients) that occurred in the first year of lanthanum carbonate exposure. Both events resolved with continuing treatment with lanthanum carbonate. Overall, AEs relating to the central and peripheral nervous systems occurred in 67 patients (72.0%) during the total treatment duration. The most common of these were headache and dizziness, and no increase in incidence occurred with increasing exposure to treatment. 
Discussion
The mortality and morbidity of patients with CKD stage 5 have improved as a result of advances in dialysis treatment and our understanding of the pathophysiology of uremia. However, the average survival for dialysis patients aged 50-54 years is still less than 6 years, and this falls to less than 48 months in patients aged 65 years and over, unless they undergo renal transplantation [12] . The long-term efficacy, tolerability and safety profile of phosphate binders is clearly of great importance, but such studies are difficult as fitter patients tend to be transplanted and those that are less fit may die prematurely. Concern has been expressed about the possibility of lanthanum accumulation with long-term use [13] . Plasma lanthanum levels remained low over up to 6 years of lanthanum carbonate treatment, and were of similar magnitude ( ϳ 1 ng/ml) to the levels observed in previous trials of shorter duration [9] . While there has been debate about the value of monitoring plasma lanthanum levels [14, 15] , there was no evidence of exposure-related adverse effects. The patients who completed our study are a self-selected group and therefore conclusions should be drawn with caution. However, there is no reason to suggest that this group would be protected from lanthanum accumulation if it were occurring and our data demonstrated that treatment for up to 6 years was not associated with any discernable adverse effects.
Overall, the results from this present long-term follow-up of dialysis patients receiving lanthanum carbonate indicate that the efficacy, tolerability and safety profile of treatment may be maintained for up to 6 years. The type and frequency of adverse events over up to 6 years of treatment was as expected given that dialysis patients typically suffer from multiple co-morbidities and receive several different medications. Importantly, there was no increase in the frequency of treatment-related AEs with increasing exposure, there were no new AEs (those not previously reported in 1-to 2-year comparative studies with lanthanum carbonate), and there were no unexpected or clinically significant findings on laboratory biochemical and hematological tests.
Two-thirds of patients in this study received the highest lanthanum carbonate doses of either 2,250 or 3,000 mg/day. At these doses, up to 6 years of lanthanum carbonate treatment in this long-term follow-up was not associated with any clinically relevant effects on the liver, bone, central nervous system or any other body system. These results are consistent with previous clinical and preclinical studies involving lanthanum [10, 13, [16] [17] [18] [19] [20] [21] [22] [23] [24] . This is the longest study published to date on the continued administration of phosphate-binder therapy. A 3-year study of calcium carbonate, published in 1993, reported an initial control of serum phosphate levels but a constant, effective phosphate reduction could not be achieved when treated over the long term [25] . Although the primary purpose of the long-term follow-up reported here was to provide additional data on the tolerability and safety profile of lanthanum carbonate treatment, efficacy was also monitored throughout. The results show that control of serum phosphate and calcium ! phosphate product levels can be maintained for up to 6 years of treatment. Serum PTH levels also generally remained stable over up to 6 years of treatment. These data suggest that lanthanum carbonate can be used in combination with vitamin D to maintain control of PTH levels over the long term. GGT = Gamma-glutamyltranspeptidase. Treatment exposure years were defined as: year 1 = >0 to <1 year of treatment; year 2 = 1 to <2 years; year 3 = 2 to <3 years; year 4 = 3 to <4 years; year 5 = 4 to <5 years; year 6 = ≥5 years. Empty cells indicate no events observed. In the present study, serum calcium levels during treatment with lanthanum carbonate were stable over time and a low incidence of hypercalcemia (5.4%) was observed. A lower incidence was reported in study 1, in which hypercalcemia was reported as an AE in 0.4% of patients receiving lanthanum carbonate compared with 20.2% of those receiving calcium [7] . Our results for lanthanum carbonate are consistent with study 1 given the different treatment durations (6 years vs. 6 months).
Clinical trials with a 'treat to target' design have shown that lanthanum carbonate has similar efficacy to alternative phosphate-binder therapy (which has included sevelamer hydrochloride) [7, 8] , whereas in vitro studies have shown that lanthanum carbonate has a higher binding affinity and specificity for phosphate when compared both with calcium-based binders and sevelamer hydrochloride [2, 3] . Thus, lanthanum carbonate has the potential to reduce tablet burden in patients with hyperphosphatemia. Two-thirds of patients enrolled in this longterm follow-up received a maintenance lanthanum carbonate dose of either 2,250 or 3,000 mg/day, which is equivalent to one 750 or 1,000 mg tablet during each meal for a total of three tablets per day.
The study is not without limitations, the most important of which is the open-label design, which therefore contains inherent bias. The patient cohort was an enriched selection in that they chose to stay on this treatment. As with any long-term follow-up, interpretation of the results is also limited by the small number of patients remaining in their sixth year of treatment, which is expected given the current life expectancy of dialysis patients. Despite these limitations, however, these data show that lanthanum carbonate exposure of up to 6 years was not associated with adverse safety issues and demonstrate that effective, well-tolerated, long-term phosphate-binder treatment can be achieved with lanthanum carbonate.
Conclusions
Lanthanum carbonate reduced and maintained control of serum phosphate and calcium ! phosphate product levels for up to 6 years of treatment. Lanthanum carbonate was well tolerated, with no new or unexpected AEs reported. No increase in the incidence of treatmentrelated AEs occurred with increasing exposure to lanthanum. There was no evidence of adverse safety concerns after long-term lanthanum carbonate treatment in any body system, including the hepatic system, bone and central nervous system.
